The relationship between gibberellin (GA) levels, height, and stress tolerance was investigated using barley (Hordeum vulgare L.) seedlings, which were exposed to heat stress (50 C for 3 h) and a free radical generator (Paraquat). Barley cv. Perth seedlings were treated with GA-inhibitors, either a triazole or one of two acylcyclohexanediones. They were tested along with four mutants that were either responsive (MC96 and dwf1) or non-responsive (MC90 and Dwf2) to applied growth-active GAs. Analyses of seedlings, whether mutants, or treated with GA-inhibitors, gave a negative correlation between height and tolerance. We also observed that the shorter seedlings with the least amount of growth active GAs were the most tolerant to stress. The overall results of this study suggest that reduced GA levels or sensitivity to GA, with a concomitant reduction in height are important for induction of stress tolerance.
Introduction
Plants treated with gibberellin (GA)-biosynthesis inhibitors are shorter and usually more tolerant to a range of environmental stresses (Rademacher 1997; Vettakkorumakankav et al. 1999) . Paclobutrazol is one of the number of triazoles that enhance tolerance to various environmental stresses in several plant species (Fletcher et al. 2000) . Triazoles act as GA-biosynthesis-inhibitors and fungicides by blocking cytochrome P450-mediated oxidation reactions (see reviews by Davis et al. 1988; Fletcher et al. 2000) . In higher plants the triazoles reduce growth by interfering with the conversion of ent-kaurene to ent-kaurenoic acid, an early step in GA biosynthesis (Rademacher 2000) . Triazoleapplication also triggers other hormonal changes including an increase in cytokinins, a transient rise in abscisic acid (ABA), and a reduction in ethylene levels (Fletcher and Hofstra 1988) . Furthermore, they increase the levels of antioxidants (-tocopherol and ascorbic acid) and antioxidant enzymes (e.g. superoxide dismutase and glutathione reductase) in treated plants (Kraus et al. 1995) . It has been proposed that the shift in the plants' endogenous hormonal balance coupled with the increase in antioxidant and antioxidant enzyme levels mediate the stress-protective effects of the triazoles (Kraus et al. 1995; Fletcher et al. 2000) . A newer generation of GA-biosynthesis inhibitors, the acylcyclohexanediones, including Trinexapacethyl and Prohexadione-Ca, inhibit late-stage biosynthetic steps, particularly the conversion of the inactive 3-deoxy GA, GA 20 to the growth-active 3b-hydroxylated GA, GA 1 (Rademacher 2000) . The acylcyclohexanediones have been reported to increase ABA levels (Adams et al. 1992) , reduce ethylene levels (Rademacher 2000) , and increase stress tolerance in plants (Rademacher 1995) . However, at maximally effective doses Paclobutrazol generally results in shorter plants than the acylcyclohexanediones (Yelverton and Isgrigg 1997) . Gilley and Fletcher (1998) reported that application of GA 3 counters both the growth inhibitory and stress-protective effects of the triazoles. Furthermore, a recent study using near-isogenic lines of normal and dwarf-mutant (GA-responsive) barley (Hordeum vulgare L.) seedlings showed that tolerance to heat, chilling, and drought could be enhanced in seedlings of the normal genotype by application of Paclobutrazol and reduced in the GA-responsive dwarf seedlings by treatment with GA 3 (Vettakkorumakankav et al. 1999) . The above studies thus suggest that modulation of endogenous GA levels is crucial for enhancing stress tolerance in plants. An interesting question then arises, is a reduction in both endogenous GA levels and shoot height essential for enhancing stress tolerance in plants? We have attempted to answer this question by examining stress tolerance in relation to endogenous GA levels and shoot height in barley cv. Perth seedlings treated with either a triazole, or an acylcyclohexanedione, and in GA-responsive and GA-non-responsive dwarf mutant lines of barley.
Materials and methods

Plant materials
Barley (H. vulgare L.) cv. Perth was the control. The other barley lines, GA-responsive dwf1 and MC96, and GA-non-responsive Dwf2 and MC90, have been described by Falk (1995) , Falk and Kasha (1982) , Bö rner et al. (1999) . The Dwf2 mutation occurred as a single dwarf tiller on a spontaneously haploid plant generated from anther culture and the gene for this mutation has been mapped on the short arm of chromosome 4H. The GA-responsive mutants respond to GA 3 applications over the same concentration range as the wild type, and are proposed to have low levels of endogenously physiologically active GAs. The GA non-responsive mutants, however, are a bit more complicated because a lack of response to GA in a mutant does not necessarily mean a deficiency in signaling, but rather could indicate deficiency in another factor that regulates growth such as the brassinosteroids (Chandler and Robertson 1999) .
and Paraquat (1,1 0 -dimethyl-4,4 0 -bipyridinium dichloride) were obtained from ICI-Zeneca, Canada, and Trinexapac-ethyl (4-(cyclopropyl--hydroxy-methl yene)-3,5-dioxo-cyclohexanecarboxylic acid methyl ester) from Novartis Inc., Canada. ProhexadioneCa (calcium 3-oxido-4-propionyl-5-oxo-3-cyclohexenecarboxylate) was provided by BASF Corp., USA.
Seed treatment and growing conditions
Seeds of barley cv. Perth were soaked in either distilled water (control) or aqueous solutions of 100 mg/l (0.34 M) Paclobutrazol, 150 mg/l (0.59 M) Trinexapac-ethyl, or 250 mg/l (1.09 M) Prohexadione-Ca, for 18 h at room temperature. A preliminary experiment showed that these concentrations provided maximum growth inhibition. Germination was delayed but not reduced (results not shown). The seeds were then rinsed with distilled water, air-dried for 1 day, planted in Promix BX (Plant Products, Canada) and grown in a greenhouse with day/night temperatures of 24/18 ± 4 C (Fletcher and Hofstra 1990) . The growth regulatory and stress protective properties of the different GA-biosynthesis-inhibitors were assessed at day 10.
The stress tolerance properties of the barley mutants MC90, Dwf2, MC96, and dwf1 were compared to those of cv. Perth of normal height (control). Seeds of each genotype were planted in a mixture of soil : peat : Turface (3 : 2 : 1) and grown in a growth-room with 350 mols light intensity, 60-70% RH, 20/15 ± 2 C day/night temperature and a 16-h photoperiod. Control and MC90 seedlings were assessed 10 day after planting (DAP), whereas for the slower-growing dwarf-mutant lines, Dwf2, MC96, and dwf1, assessments were made 12 DAP. All measurements for comparisons among the GA-inhibitors and of the mutants with the control were accomplished using seedlings at a similar morphological stage based on the appearance and development of the first and second leaves. Shoot height was measured as the total length from the surface of the soil to the tip of the longest leaf when extended. For both comparisons one set of 24 seedlings was maintained in the greenhouse, the other set was exposed to stress as described below.
Heat stress
Seedlings were exposed to 50 ± 1 C for 3 h at 60-70% RH under low light intensity (20 mols), then returned to the greenhouse. Various parameters were analyzed as described below (see also Vettakkorumakankav et al. 1999 ).
Free-radical stress
The bi-pyridinium herbicide Paraquat was applied as described in Gilley and Fletcher (1998) . Leaf segments (1 cm) from the middle of the first leaf were pre-incubated in 0, 2, and 5 M Paraquat for 1 h in the dark, then exposed to 1000 mols of light provided by 400-W high-pressure sodium lamps (P. L. Light Systems, Canada) for 6-8 h. Total chlorophyll was measured as described below.
Stress parameters
Ion leakage, an indicator of membrane integrity, was measured using the procedure described by Gilley and Fletcher (1998) . The whole shoot taken from either a heat-stressed or unstressed plant was immersed in 15 ml of distilled water and mixed in a vortex for 15 s. Conductivity (C o ) was measured 1 h later using a Model-32 conductance meter (Yellow Springs Instrument Co., Inc. Ohio, USA.). The tubes were then left for 24 h at room temperature and initial conductivity (C i ) measured. Finally, the tubes were placed in a boiling water bath for 30 min, cooled to room temperature and final conductivity (C f ) measured. The percent conductivity was calculated as follows:
Chlorophyll fluorescence, a non-invasive method for rapid identification of photosynthetic injury to leaves, was estimated as described by Vettakkorumakankav et al. (1999) . The ratio of variable to maximal fluorescence (F v /F m ) was measured using a Hansatech fluorescence meter (Model-FMS 2, Hansatech, Ltd., UK) with a 30-min dark adaptation period. Measurements were made 24 h after heat stress on the first leaf of stressed and unstressed plants.
Photosynthetic pigments were extracted from leaf tissue in 80% aqueous ethanol using a Polytron homogenizer (Brinkmann Instruments, Canada). The homogenates were clarified by centrifugation at 2500 Â g for 10 min, and absorbance read using a Beckman DU-65 Spectrophotometer (Beckman Inc., USA) at 663, 647, and 470 nm wavelengths. Total chlorophyll (a + b) and carotene levels were estimated as described in Gilley and Fletcher (1998) .
Endogenous GA measurements
Control and Trinexapac-ethyl-treated samples were harvested 10 DAP while dwf1 and Dwf2 were harvested 12 DAP. Each sample consisted of 150 randomly selected seedlings all at the two-leaf stage. The inner-half of the second leaf was dissected, frozen in liquid N 2 , freeze-dried, pulverized and divided into two sub-samples. The samples (1 g) were then extracted with 80% aqueous methanol (MeOH) with 20 ng each of [17, H 2 ] GA 1/3/4/5/7/8/9/15/19/20/24/44/53 added as internal standards. The 80% MeOH extracts were then purified with a C 18 preparative column (C 18 -PC) made of a syringe barrel (inside diameter (i.d.) 2 cm) filled with 3 g of C 18 preparative reversed-phase material (Waters Associates), with the eluate being passed through an ion-exchange column made of AG 1-X8 Resin (Bio-Rad Laboratories). The GAs were then eluted with 5% acetic acid in absolute MeOH. The GA-containing fractions were taken to dryness in vacuo at 35 C and then loaded onto a SiO 2 partition column (SiO 2 -PC) (column i.d. ¼ 1.5 cm) made of 5 g of Woelm SiO 2 (32-100 mesh) deactivated by equilibration with 20% water by weight (Koshioka et al. 1983 ). The SiO 2 -PC was eluted with ethyl acetate : hexane (95 : 5, v/v; saturated with 0.5 M formic acid). The GA-containing fractions were taken to dryness in vacuo at 35 C and further purified by high performance liquid chromatography (HPLC). The HPLC was a Waters Associates liquid chromatography apparatus with two model M-45 pumps, a model 680 automated gradient controller, and a model 7125 Rheodyne injector. The solvents were, pump A: 10% MeOH in 1% acetic acid (H 2 O : MeOH : acetic acid ¼ 89 : 10 : 1, (v/v)), and pump B: 100% MeOH. A Waters Associates reversed phase C 18 Radial-PAK -Bondapak column (8 mm Â 10 cm) was used with a 10-73% linear gradient program at a flow rate of 2 mL/min. The manually implemented 10-73% linear gradient program was 0-10 min (pump A, 100%; pump B, 0%), 10-40 min (pump A, 100-30%; pump B, 0-70%), and 40-50 min (pump A, 30%; pump B, 70%). The HPLC fractions (1 min, 2 ml fractions) were taken to dryness in vacuo. The C 18 HPLC fractions were further purified with an Alltech Associates Nucleosil N(CH 3 ) 2 HPLC column (4.6 mm Â 15 cm) eluted with 99.9% MeOH in 0.1% acetic acid, the 1 min, 1 ml fractions being taken to dryness in vacuo.
The GA-containing fractions, based on retention times (Rts) of external [
3 H]-labeled external standards, eluted from the Nucleosil N(CH 3 ) 2 HPLC were methylated by ethereal CH 2 N 2 . The methylated sample was then silylated by BSTFA with 1% TMCS (Pierce Chemical Co.). Identification and quantification of GAs was carried out by gas chromatography-mass spectrometry (GC-MS) in selected ion monitoring (SIM) mode. The derivatized samples were injected onto a capillary column installed in a Hewlett-Packard 5890 GC with a capillary direct interface to a HP 5970 Mass Selective Detector (MSD). The capillary column was a 0.25 m film thickness, 0.25 mm internal diameter, 15 m DB1-15 N column (J & W Scientific, Inc.). The capillary head pressure was 4 psi with a He carrier gas flow rate of 1.1 mL/min. The GC temperature program was as follows: 0.1 min at 60 C, climbing to 200 C at 20 C per min, then to 250 C at 4 C per min and finally to 300 C at 25 C per min, staying at 300 C for 5 min, then returning to 60 C. The interface temperature was maintained at 300 C and the MSD was operated with the electron multiplier at 1600 V. Three m/z ions for each deuterated and endogenous GA were monitored. The dwell time was 10 s and the data were processed using Hewlett Packard's G1034C MS ChemStation Software. Based on the capillary GC Rts and relative abundance of the characteristic m/z ions monitored, endogenous GAs were identified and amounts estimated based on the isotope dilution technique described by Fujioka et al. (1988) .
Experimental design and statistical analyses
All experiments except GA analysis were randomized complete blocks replicated three times, with three sub-samples per block. Statistical analyses were conducted using SAS version 6.12 (SAS Institute, USA). Proc MIXED (mixed model) analyses with contrast statements and multiple-means comparisons were used to test the effect of treatment with GA-biosynthesis inhibitors and the inherent difference between the mutant lines. Pearson's correlation and regression in ANOVA with the variation due to treatment partitioned into linear, quadratic, and lack-of-fit components was conducted to determine the nature of the relationship between height and stress tolerance. Residuals were tested for randomness, homogeneity, normal distribution, a mean of zero, and a common variance. All hypotheses were tested at a Type I error rate (p) of 0.05. The GA analysis experiment was repeated once on the sub-samples to determine accuracy and both times the results were similar. No further statistical analyses could be conducted.
Results and discussion
Paclobutrazol and Trinexapac-ethyl delayed germination of barley seedlings, which was expected since de novo synthesis of GAs in barley is necessary for the mobilization of seed reserves and embryo growth (Jacobsen et al. 1995) . However, Prohexadione-Ca had no effect on germination or height of barley seedlings in our experimental conditions ( Figure 1A ). This could be attributable to poor uptake or rapid degradation (Rademacher 2000) . Hence only the results from Paclobutrazol and Trinexapac-ethyl will be discussed further.
Ten days after planting, seedlings from all treatments including the control, had emerged and had a similar number of leaves. The leaves of Paclobutrazol-treated plants appeared greener, though the amount of total chlorophyll per seedling was not significantly different (results not shown), and more twisted than the controls, a morphological effect that has been reported in other species (Davis et al. 1988) . Treatment with Paclobutrazol was the most effective, reducing seedling height by 67% compared to control while Trinexapac-ethyl treated seedlings were only 28% shorter than controls ( Figure 1A ). This observation is similar to that of Yelverton and Isgrigg (1997) who studied the comparative effects of these chemicals on Poa annua.
Following exposure to 50 C for 3 h, Paclobutrazol-treated seedlings showed no signs of heat stress, such as leaf-tip burn and flaccidity, whereas Trinexapac-ethyl-treated seedlings showed minimal symptoms of heat stress ( Figure 1B ). Control seedlings, however, were severely damaged ( Figure 1B) . The visual symptoms of stress were corroborated by measurements of physiological parameters. Ion leakage, an indicator of membrane integrity, in both control and treated seedlings Figure 1 . Appearance of 10 day-old barley cv. Perth seedlings (A) before, and (B) 24-h after exposure to 50 ± 1 C for 3 h. From left to right, seedlings (two pots per treatment) from seeds imbibed in, water (control), Prohexadione-Ca, Trinexapac-ethyl, and Paclobutrazol. Their mean heights were 115 (*), 114 (*), 84 (**), and 38 (***) mm respectively, with a standard error of 0.033, and n ¼ 144. Different number of (*) symbols indicate a significant difference between the means at a Type I error rate of 0.05. prior to heat stress were similar (approx. 10%). However, after exposure to heat stress ion leakage values increased to 52% and 25% in the controls and Trinexapac-ethyl-treated plants, respectively ( Figure 2A ) revealing some cellular damage. There was no significant difference between the values for heat-stressed and unstressed Paclobutrazoltreated seedlings showing that Paclobutrazol provided complete protection from heat stress.
Chlorophyll fluorescence was used to determine the efficiency of Photosystem II before and after heat stress. The ratio of variable to maximal fluorescence (F v /F m ) for a normally functioning leaf ranges from 0.75 to 0.85 and a decline in this ratio is indicative of photoinhibitory damage (DeEll et al. 1999 ). The F v /F m ratios measured 24 h after heat stress revealed extensive damage to control seedlings with a value of 0.06, whereas Trinexapacethyl-and Paclobutrazol-treated plants maintained fluorescence ratios of 0.28 and 0.41, respectively (Figure 2A ) indicating appreciably less damage to their photosynthetic apparatus.
When leaf segments were treated with a high concentration of Paraquat (5 M), control tissues were severely damaged, with only 16% of the chlorophyll remaining after 6 h in light ( Figure 2B ). Paclobutrazol-treated tissues retained two times more chlorophyll than control while Trinexapacethyl-treated tissues showed intermediate results.
At the lower concentration of Paraquat, Trinexapacethyl was the least damaged. Once again, however, Trinexapac-ethyl-and Paclobutrazol-treated tissues were not as severely damaged as the control showing the protective effects of these GA biosynthesis inhibitors against stress.
In an earlier study by Kraus and Fletcher (1994) , it was suggested that the damage caused by heat and Paraquat is in part due to increased generation of active oxygen and that Paclobutrazol protects plants by maintaining increased antioxidant enzyme activities. Fletcher et al. (2000) , state that the stress-protective effect of triazoles, including Uniconazole and Paclobutrazol, is mediated by an increase in antioxidants (vitamins C and E) and antioxidant enzyme activity. Hence, the ability of the triazoles to maintain high levels of antioxidants could be an important factor in maintaining cell integrity under free radical stress. We are not aware of any direct evidence that the acylcyclohexanediones increases antioxidants. However, similar to the triazoles (Fletcher et al. 2000) , the acylcyclohexanediones also increase ABA levels (Adams et al. 1992 ) and decrease ethylene (Rademacher 2000) . It is therefore not unlikely that their overall protective action is also mediated via an effect on antioxidant levels.
The combined physical and biochemical evidence from control and GA-inhibitor-treated seedlings revealed that the shortest barley seedlings, those that were treated with Paclobutrazol, were also the most stress tolerant. Trinexapac-ethyltreated seedlings showed intermediary height and stress tolerance. Using ion leakage measurements, from control and treated cv. Perth seedlings, as an indicator of stress tolerance (Figure 2A ), correlation and linear regression analyses indicated a significant relationship between shoot height and tolerance to heat stress (r ¼ 0.97, R 2 ¼ 0.94, p < 0.05) (Figure 3) .
To further clarify the apparent relationship between height and stress tolerance, two GAresponsive (dwf1 and MC96), and two GA-nonresponsive (Dwf2 and MC90) mutant lines of barley were studied. After 12 days of growth the height and phenotype (dark green, twisted leaves) of the two GA-responsive mutant lines MC96 and dwf1 were similar and comparable to cv. Perth seedlings treated with Paclobutrazol ( Figures 1A and 4A) . Thus, reduced levels of growth-active GAs, whether caused by mutation or by application of Paclobutrazol, yield a similar morphological state. Seedlings from the GA-non-responsive dwarf line MC90 were somewhat similar in size and phenotype to cv. Perth seedlings treated with Trinexapac-ethyl. The other GA-non-responsive line, Dwf2, produced seedlings of intermediate size ( Figure 4A ).
After exposure to heat stress, cv. Perth and MC90 seedlings were severely damaged, while seedlings of dwf1, the shortest mutant, appeared visually unaffected, showing a high degree of stress tolerance ( Figures 4B and 5) . The inherent heat tolerance of dwf1 also allowed this mutant to maintain F v /F m ratios over 0.5, whereas the control had the lowest F v /F m ratio and MC90, Dwf2, and MC96 showed intermediate albeit severe damage (F v /F m < 0.2). Measurement of ion leakage showed a gradual increase in protection against heat stress as the height of the seedlings decreased. The tallest mutant, similar in height to the control, showed little tolerance while the shortest mutant (dwf1) showed least signs of damage (Figure 4) . Once again correlation (r ¼ 0.91, p < 0.05) and regression analysis indicated that there was a significant positive correlation between height and amount of ion leakage, with 82% of the variance in ion leakage being due to height (R 2 ¼ 0.82, p < 0.05) ( Figure 6 ). Leaf segments of the GA-responsive mutants, dwf1 and MC96, that were exposed to the lower concentration of 2 M Paraquat retained 97 % and 99% of their origin chlorophyll levels, respectively ( Figure 5B ). In contrast, the GA-non-responsive mutants, Dwf2 and MC90, retained only 77% and 79% of their chlorophyll, respectively. These latter mutants were thus significantly more susceptible to damage from free radicals than the two GAresponsive dwarfs ( Figure 5B) . However, at the highest concentration of Paraquat (5 M), MC96 was the only mutant that was significantly protected from free radical damage ( Figure 5B ). Further studies on MC96 are thus warranted.
The relationship between height and endogenous levels of growth-active GAs is well established (Hedden 1999) . Moreover, Croker et al. (1990) in his study of the inhibitory effect of Paclobutrazol on GA biosynthesis in barley, found that levels of GA 1 and GA 3 were reduced by 93% and 73%, respectively, and that levels of GA 8 , GA 19 and GA 20 were also decreased, but to a lesser extent. It therefore seems likely that the significant correlation between height and stress tolerance that we have observed in this study is in fact a relationship between reduced GA levels and stress protection as suggested by Vettakkorumakankav et al. (1999) .
In order to clarify the relationship between GA content, seedling height, and stress protection, we determined and compared GA levels in control, GA-inhibitor-treated seedlings, and two mutant lines of barley. Endogenous GA levels in the actively growing inner-portion of the second leaf indicated that both the early 13-hydroxylation and early non-13-hydroxylation pathways are functional in barley cv. Perth (Table 1) confirming earlier reports (Grosselindemann et al. 1992; Hedden and Kamiya 1997) . As expected, in Trinexapac-ethyl-treated seedlings the reduction in shoot height was associated with drastic reduction in the growth-active 3-hydroxylated GAs, GA 1 , GA 4 , and GA 3 (Table 1) , along with increased levels of the 3-deoxy GA, GA 20 , but not of 3-deoxy GA 9 . Furthermore, the level of GA 8 , the inactive 2-hydroxylated metabolite of GA 1 , was reduced by 78%, a finding that is also consistent with the mode of action of Trinexapac-ethyl (Rademacher 2000) . Similar results have also been obtained previously in barley with another acylcyclohexanedione, LAB 236735 (Hedden 1991) . The pronounced reduction in growth active GAs in Trinexapac-ethyl-treated seedlings as well as in Paclobutrazol treated seedlings (Croker et al. 1990) tend to confirm the relationship between reduced GA levels, height, and increased stress protection. Analysis of the mutant dwf1 showed a dramatic reduction of growth-active GAs, GA 1 , GA 3 , and GA 4 (Table 1) . Thus, dwf1 can correctly be labeled a GA-responsive (grd) mutant as per the definitions presented by Chandler and Robertson (1999) . The Figure 4 . Appearance of barley seedlings from left to right, cv. Perth, GA-non-responsive MC90 and Dwf2, and GA-responsive MC96 and dwf1 dwarf mutants (A) before, and (B) 24-h after exposure to heat stress at 50 ± 1 C for 3 h. Their mean heights were 133 (*), 98 (**), 56 (***), 51 (****), and 43 (*****) mm respectively, with a standard error of 1.5, n ¼ 36. Different number of (*) symbols indicate a significant difference between the means at a Type I error rate of 0.05. level of C 19 -GAs, including the growth active GAs, was higher in Dwf2 than in the control (Table 1) . This confirms that Dwf2 is a GA-non-responsive mutant or gse, which has reduced sensitivity to GA signaling that results in an accumulation of C 19 -GAs including the growth active GAs (see Chandler and Robertson 1999) . More importantly our study shows that dwf1, which had only onetenth the level of growth-active 3-hydroxylated GAs normally found in control barley seedlings, was more tolerant to stress than the control. Dwf2, which had the highest levels of growth-active GAs, was also more tolerant to stress than the control but was less tolerant than dwf1.
It can therefore be hypothesized that reduced sensitivity to GA may in fact have the same effect as lowering active GA levels in terms of growth, morphology, physiology, and in turn stress tolerance of the plant . This then explains the intermediate stress tolerance observed in Dwf2 in spite of the high GA levels and supports the hypothesis that C for 3 h (standard error of the means for ion leakage ¼ 0.14, and chlorophyll fluorescence ¼ 0.099, n ¼ 9). Average values for ion leakage and chlorophyll fluorescence in all unstressed plants were 10% and 0.8, respectively; (B) Total chlorophyll (a + b) in leaf segments expressed as a percent of unstressed tissue. The leaf segments were exposed to 2 and 5 M of Paraquat under 1000 mols of light, for 8 h. Different letters indicate a significant difference between treatment means at a Type I error rate of 0.05. Figure 6 . Relationship between shoot height and ion leakage (shown by the smooth line) for control, GA-responsive and nonresponsive mutant lines of barley after exposure to 50 ± 1 C for 3 h. Each symbol () represents from left to right, the mean height and ion leakage of seedlings (n ¼ 9) of GA-responsive dwf1 and MC96, GA-non-responsive Dwf2 and MC90, and cv. Perth. There was a significant positive correlation with r ¼ 0.91 ( p < 0.05), and regression (R 2 ¼ 0.82, p < 0.05). both GA levels (or sensitivity) and height are important factors for stress tolerance in barley. However, altering the hormonal balance in plants induces morphological as well as physiological changes such as alterations in antioxidant levels and membrane properties (Kraus et al. 1995) , which may be the key factors in increasing tolerance to various environmental stresses. Studies on the relationships of other hormones including ABA and brassinosteroids to GA, height and stress tolerance would be extremely interesting. However further discussion on the role of these and other hormones on stress tolerance is beyond the scope of this paper.
From our study we can conclude that in barley the shorter the plant and the lower its GA levels the better its inherent stress tolerance. Hence, GAinhibitors are useful candidates to protect plants from environmental stresses, as is the use of GAdeficient mutants. Plants are subjected to various forms of stress during growth and development and these can lead to a significant reduction in crop yield and quality (Paliyath and Fletcher 1995) . It is therefore proposed that lowering growth active GAs or rendering them inactive or less efficient at the physiological and molecular levels is a means of increasing stress tolerance in plants.
